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I. INTRODUCTION

It has been shown [1] that the performance of an adaptive antenna
array is strongly affected by the electromagnetic characteristics of the
antenna array. An important electromagnetic characteristic of an
antenna array is the mutual coupling between its elements. In the above
work, mutual coupling between the antenna elements was, however,
ignored, i.e., the antenna elements were assuﬁed to be isolated from
each other. In practice, elements of an antenna array have mutual
coupling, which in turn affect the gain, beamwidth, etc., of the array.
Mutual coupling becomes particularly significant as the interelement
spacing is decreased.

In this report, the effect of mutual coupling on the performance of
adaptive arrays is studied. It is shown that the mutual coupling does
affect the performance of adaptive arrays and these effects are
significant even for large interelement spacings, i.e., for spacing of
more than half a wavelength. The effect {s rather drastic as the
interelement spacing drops below a half wavelength. In fact, for a

fixed aperture with half wavelength spaced elements, the introduction of

oy additional elements can degrade the array performance. The failure to
§ recognize the presence of mutual coupling will degrade the performance
; of Applebaum type adaptive arrays more than that of LMS arrays since the
3 optimum excitation has to be modified both in phase and amplitude to
é include the changes in the desired signal vector due to the presence of
2 mutual coupling.
A
1
i
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In section II, an analytic expression for the steady state output

signal-to-interference-plus-noise ratio (SINR) of an adaptive array is
f derived, The expression takes into account the mutual coupling between
the array elements and involves the normalized impedance matrix of the
array elements. The expression is used to study the effect of mutual
coupling on the performance of adaptive arrays and it is shown that the
output SINR of the array depends upon the mutual coupling between its
elements., In section III, the effect of mutual coupling on the
transient performance of adaptive arrays is studied. It is shown that
the presence of mutual coupling between the array elements reduces the
speed of response of an adaptive array. In section IV, the optimum
excitation to maximize the output SINR of Applebaum type adaptive arrays
in the presence of mutual coupling is found, Section V contains our

: conclusions,

I1. STEADY STATE PERFORMANCE OF AN ADAPTIVE ARRAY IN THE PRESENCE OF

MUTUAL COUPLING

The output SINR of an adaptive array is the most commonly accepted
measure of its steady state performance, and will accordingly be derived
first. The expression takes into account the mutual coupling between
the array elements. The expression will be used to study the effect of
mutual coupling on the performance of various adaptive arrays.

The basic diagram of an adaptive array is shown in Figure 1. The

output signal from each antenna element is multiplied by a complex
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weight and then these signals are summed to produce the array output
S(t). The weights are automatically édjusted to optimize the output
SINR in accordance with a selected algorithm, To find an expression for
the output SINR, one should know the element output voltages. We will,
therefore, first develop an expression for the element output voltages
when the mutual coupling is taken into account. These voltages will be
used as the input signals to the adaptive processor. The required
expression can be obtained by considering the N-element array as an N+l
terminal linear, bilateral network responding to an outside source as
shown in Figure 2.

Referring to Figure 2, each port of the N-element array is shown
terminated in a known load impedance, Z. The array has as its driving
source a generator with open circuit voltage Vg and internal impedance
Zg. Using standard notation, one can write the Kirchoff relation for

the N+1 terminal network as

<
—
n

11 le 4o0000000s04 1j Zij FYRRNERYE 3 1N le + is zlS

<
e
|

= 11 Zjl $o00ccocoed 1j ij +oeoceed iN ZjN + is st ? (201)

vN il ZNl 4o00ccccced 1j ZNj $oocood 1N ZNN + is ZNS )
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Further, making use of the relationship between terminal current

and load impedence,

ORI W A S U L R

ij=-%j_’j=1’ 29 o")N . (2.2)
L

If all the elements in the array are in an open circuit condition

$
. ‘
A
3
S

then

ij=0 j=1,2 o, N,
and from Equation (2.1)
Vj = vOj = st'is . (2.3)

Substituting Equations (2.2) and (2.3) into Equation (2.1) one

gets
_ I
I 12 21N 1
1 + e s e V V
ol Lo o
221 1 + 222 esses e ZZN V2 V
‘ T T T ”
L! . . . * * :
L . . . ¢ * ¢
L._ . . * ° ¢ *
;‘\ . * d ¢ * ‘
ti Y . . . ¢ :
! Ny N . ... 1+ INN o v
'.1 7‘[_—. z-L— ZL ON
L - = - = -

(2.4)
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Or, more compactly

IV = Vo . (2.5)

‘.. Cet
U o W W

In Equation (2.5) Z, is the normalized impedance matrix and V,

csdials

represents the open circuit voltages at the antenna terminals. Since Z,
is nonsingular, one can find the element output voltages from the open

circuit voltages. The element output voltages will be given

o+l SRR

e

v %

-1 =)

V=1, Vo . (2.6) -

It should be noted that the matrix Z, is a normalized impedance
matrix, normalized to the load impedance. It acts like a transformation
matrix, transforming the open circuit element voltages to the terminal
voltages. What is normally assumed in analyzing adaptive antenna
systems is that the element spacing is large enough so that the mutual
coupling between the elements is small and consequently the matrix Z,
becomes diagonal. If one further assumes that the self-impedances (Zjj,
i=1,2,...,N) are equal, the input signal vector will be just the open
circuit voltage vector multiplied by a trivial scaling factor involving
the self and load impedance terms. Thus the array performance will be
the same as calculated using the open circuit voltages as the input
signal to an adaptive processor.

Let m+l CW signals (one desired and m jammers) of the same
frequency be incident on the array. Then the open circuit voltages at

antenna terminals are given by

....................




m
Vo = X4 + )} Xk (2.7)
k=1
where
—
»
= A, ol (tot* ¥d) 2. B
Xg = Ay e Uy (2.8) ~
= J(upt + k) . 2.9 :
Xk Ay e Uik (2.9) a
g
In Equations (2.8) and (2.9), A42 is the average power in the g
desired signal, Aikz is the average power in the kth jammer, wg is the i’
carrier frequency, Y4 is the carrier phase of the desired signal at the b
coordinate origin, 4y is the carrier phase of the kth jammer at the .
coordinate origin and U4, Uik are, respectively, the desired signal
vector and the kth jammer vector defined as follows:

Jeq

Jed
f2(9d9 ¢d’ pd) e 2

Ud= :
(84 ¢4 Py) e’ PdN (2.10) .5

where (84, ¢4) defines the desired signal direction, pq is the
polarization of the desired signal, fj(e,¢,p) is the pattern response of

the jth element to a signal incident from direction (9,¢) with

N
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__________

polarization p and Pdj is the desired signal phase at the jth element,

measured with respect to the coordinate origin,

— -
Jeik

FL(0s b5y Py ) 7T

Jeik
FalBiks &g Pyy) &2

Ui = :
Fo(8:0s 63 iy ) e PIKN
N® ik ik ik
- _

where the notation is analogous to that for the desired signal vector.

Using Equations (2.6) and (2.7), the input signal to the adaptive

processor will be

-1 m
V=12o (Xad+ I Xig) .
k=1

If thermal noise is also added to each element of the array then

the total input signal to the processor will be

>
[l

"V+Xn

m
o (X4 + kEIXik] + Xn

where X, is the noise vector defined as

Xn = (n1(t), na(t), «ees nn(t))T

PP T PP Y T ]

P

(2.11)

(2.12)

(2.13)

(2.14)

Sl sl ~
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In Equation (2.14), T denotes transpose. In the case of an
adaptive array, the signal xj(t) from the jth element is multiplied by a
complex weight wi(t). The signals are then summed to produce the array
output. Using the LMS algorithm [2], the steady state weight vector, W,
of the array is given by

W= e-ls (2.15)
where ¢ is the covartance matrix

& = E{X*XT} (2.16)
and S is the reference correlation vector

S = E{X*R(t)} . (2.17)

In Equations (2.16) and (2.17), R(t) is the complex reference
signal in the adaptive array [2,3], * denotes complex conjugate and E{+}
denotes expectation,

From Equations (2.13) and (2.16)

-1 m -1 m
¢ =E ([Z (Xq ¢+ kZI Xik) + XpJ* [Zg "(Xq + kil Xik) + Xn1T }

-1 m m
(Zo )*E ([(Xq + kzl Xik) + ZoXn]* [Xq + kzl Xik) + ZoXnITH(Zo-1)T .

(2.18)

10
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Assuming that the thermal noise voltages from the array elements
are gaussian with zero mean and are uncorrelated with each other, and
the carrier phases of the narrowband signals are uniformly distributed

on (0, 2%) and are statistically independent of each other and of the

. . Lo e N
- L"‘.LJ oy N et

thermal noise voltages, the covariance matrix & is given hy

g
i
b
;
N
g

-1 * T m o2 % T 2 * T a1
® = (Zo )* [P 25 + ) Ak Uik Uik *+ A Ug Ugl(Zo )T :
kS
where o is the thermal noise power. From Equation (2.19)
-1 * T m * T * T -1
o= (Zo )" P25 2o + ) ik Uik Uik *+ & Yq V4] (Zo )T
k=1 (2.20)

where &q is the ratio of the desired signal power to the thermal noise
power and &ji is the ratio of the kth jammer power to the thermal noise

power. Let

oo, M * T
Rn = Zo72p" + ) &k Uik VYik
k=1 (2.21)
then
-1, LI
(2.22)

Note that R, is the normalized (with respect to the thermal noise
power) covariance matrix of the undesired signals (jammer and the
thermal noise). To find the steady state weights (Equation (2.15)), »-1

must be computed. The following matrix inversion Lemma [47], is used to

O SCat s Rt sl odos ol il b sn SRR IR}  ORADgR R gl & AL
L)
[

compute ¢-1
Ud - - - - el S T Tl U i T e e e O T~ » il
AN SR LR SRR Sy WA I YA IR e A S e e T A S
s O B N A S IR o RO RO
-x.-‘- e A N e e e T 47N .
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(A-a22)! = a7t o oaalz®ad (2.23)

where A is a nonsingular NxN matrix, Z is a Nx1 column and «, B are

scalars related by
q-l + 8-1 = ZTA-IZ' . (2.24)

Using the matrix inversion lemma to invert & in Equation (2.22) one

gets
-1 24 o-l S TS 2 (RS R B (2.25)
[} '?Z(Rn - TR U Uy RTI((Z) ) .
where '
1.1 Ta-l . 2.26
1 Td.+Ud Ry Uy (2.26)

The array will acquire and track the desired signal if the
reference signal is correlated with the desired signal and is
uncorrelated with interference signals. Assuming that the reference
signal R(t) 1s given by,

R(t) = Aped(wot + vq) (2.27)

and using Equation (2.13), Equation (2.17) yields

- Ly gt . 2.28
S=A Ay (Z57) U4 (2.28)

Using Equations (2.25) and (2.28) the steady state weights
(Equation (2.15)) of the array are given by

T -1

= * 2.29
W=KZj R U, ( )
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where

(2.30)

- ArAd - T.-1 *
K -,_;2_ (1-r+ Ud R, Ud)

is a constant. The weights given in Equation (2.29) will lead to the
maximum output SINR in the presence of multiple jammers [see Appendix].
Knowing the steady state weight vector, one can compute the output SINR

of the array which is given by

SINR = Pd (2.31)

m
1 Pik + Py
k=1

where Pq is the output desired signal power.
Sy T2y AG T o1y 2
Py = 5 ELGZX)WITY = 5 {ug ()W (2.32)
Pik is the output interference power due to the kth jammer
P =}zE{|(z;1xik)Tw|2}

2
_A T (-1yT\y2 . 2.33
-_;L |uik (zo)w' (2.33)

and Pp is the output thermal noise power

=@ e . 2.34
P TM (2.34)

n
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Using Equations (2.32)-(2.34), Equation (2.31) yields

T -1

SING = £ UL R™L Y (2.35)

d

Equation (2.35) is used to compute the steady state output SINR of an
adaptive array consisting of N half-wavelength, center-fed dipoles. Al
the dipoles are assumed to have similar radiation characteristics and
are spaced at a distance d apart (Figure 3). The desired signal and all
jammers are assumed to be theta polarized (Figure 3). For the results
presented here, fy(6,4,p) = 1.28142 [Equation (2.107.

Figure 4 shows the output SINR of an adaptive array of six dipoles
as a function of the desired signal direction. The dipoles are spaced
at a distance of half a wavelength and each dipole is terminated in a
load impedance equal to the complex conjugate of the self impedance of a
half-wavelength, center-fed dipole. The input signal-to-noise ratio
(&4) is 5 dB and the output SINR is computed in the absence of all
jammers. The continuous curve in the figure shows the output SINR when
the mutual coupling between the array elements is taken into account
while the broken curve (--) represents the output SINR when the mutual
coupling between the array elements is ignored. Note that the presence
of mutual coupling changes the array performance and the output SINR of
the array depends on the angle of arrival of the desired signal. The
dependence of the array output SINR on the angle of arrival of the
desired signal can be explained as follows. Mutual coupling changes the
desired signal component of the element output voltages [Equation

(2.6)1.

The array illumination due to the desired signal is no longer

b P, . N
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uniform and depends on the angle of arrival of the desired signal, while
the noise being internal is not affected by the mutual coupling between
the array elements. The output SINR of the array, therefore, changes
with the angle of arrival of the desired signal.

In the above example, the interelement spacing was large (1/2) and
we found that the mutual coupling does nevertheless affect the
performance of the array. For small interelement spacings, the mutual
coupling between the array elements will be large (Figure 5) and,
therefore, the array performance will be affected more. This is evident
in the plots of Figure 6, where the output SINR of the array is plotted
as a function of the interelement spacing. The desired signal is
incident from the broadside direction (90°,0°) and jammers are assumed
to be absent. The broken curve in the plot shows the output SINR in the
absence of mutual coupling while the continuous curve shows the output

SINR when the mutual coupling is taken into account, Note that the

mutual coupling between the array elements affects the array performance
even for large interelement spacing (d > 2/2). The effect is more
pronounced for small interelement spacing (d < */2), where the output
SINR drops below the expected value (in the absence of mutual coupling)
by a significant amount., The change in the output SINR can again be
explained using Equation (2.6). In the presence of mutual coupling, the
array illumination due to the desired signal deviates from the uniform
il1lumination. The amount oV deviation depends upon how strongly the

array elements are coupled. The noise being internal to the processors

is not affected by the mutual coupling between the array elements. The
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dipoles vs. the interelement spacing. &q=5 dB, Z = Zﬁ ,
(84, ¢4)=(90°, 0°).
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output SINR of the array, therefore, changes with the interelement
spacing.

The drop in the output SINR for small interelement spacings can
also be related to the reduction of the total incident energy. As the
interelement spacing is decreased, the total aperture of the antenna
decreases and so does the total incident energy due to the desired
signal. Since the receiver internal noise remains unchanged, the
signal-to-noise ratio drops. For the same reason, the introduction of
additional elements into a fixed aperture with half wavelength spaced
antenna elements can degrade the adaptive array performance. The total
aperture is fixed and so is the total incident energy. The
introduction of additional elements will add to the thermal noise
without increasing the available signal power and that will degrade the
array output SINR, Figure 7 shows the output SINR of an adaptive array
as a function of the number of antenna elements. The array is a linear
array of half-wavelength, center-fed dipoles. The total aperture is
fixed at 2) and the desired signal is incident from the broadside
direction. Again jammers are absent. The output SINR is computed with
and without mutual coupling. In these plots only the indicated points
are meaningful (the total number of antenna elements is always an
integer). Note that in the absence of mutual coupling the output SINR
increases with the introduction of additional elements. It is
consistent with the previous work of Compton [5]. But in the presence
of mutual coupling, the array output SINR decreases with the

introduction of additional elements. One can see that the output SINR
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reaches a maximum for a four-element array and the array performance
degrades with the introduction of additional elements. The array
performance improves as the number of antenna elements is increased from
two to three to four. The reagon for this is that one needs a minimum
number of antenna elements to receive all the energy incident on a given
aperture. But beyond this point the aperture becomes overcrowded and
thus, a densely packed array (d < 1/2) may lead to a worse performance
in an adaptive mode.

In the examples given so far, the array performance was computed in
the absence of jammers. The presence of jammers will degrade the array
performance. As pointed out in our earlier work [1], the degradation in
the array performance can be computed using the unperturbed pattern of
the array. The unperturbed pattern of an adaptive array was defined to
be proportional to the radiation pattern of the array responding to a
single desired signal in the absence of interfering signals. In the
absence of jammers, the normalized noise covariance matrix [Equation

(2.21)] becomes

Ry =2, 27 - (2.36)

Substituting Equation (2.36) in Equation (2.29), the steady state

vector of the array will be

W= K(zo'lud)* . (2.37)
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Thus, the weight vector for the unperturbed pattern will be (Z, Ud)*
and the value of the unperturbed pattern in the direction (8, ¢) for

polarization p will be
-1 T -1
E(e, ¢, p) = (Zo U (Zo Uq) (2.38)

where U is the signal vector of the array in direction (8, ¢) for
polarization p. Substituting Equation (2.36) into Equation (2.35), the

output SINR of the array in the absence of all jammers will be

-1 1,
& (Zo )T (Zo Ug)
&4 E(94, ¢4, Pd) (2.39)

SINR

and is proportional to the value of the unperturbed pattern (Equation
2.38)) in the desired signal direction. Further, following the same
procedure as given in reference [17, it can be shown that the output

SINR of the array in the presence of one jammer will be given by

SINR = &4

[E(8y5045p4) - IECei1, oi1, "il)f* ] (2.40)
(Zghbu Tty

where E(8i1, ¢j1, Pi1) is the value of the unperturbed pattern in the
jammer direction. The same can be done for multiple jammers. Thus, the
degradation in the array performance can be computed using the
unperturbed pattern,

In this section, the effect of mutual coupling between the array

elements on the steady state performance of an LMS type adaptive array
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was presented. It was shown that though LMS adaptive arrays produce the
maximum obtainable output SINR (see Appendix), their performance is
affected by mutual coupling. One should, therefore, take mutual
coupling into account to compute the true output SINR of the array. In
the next section, the transient response of an adaptive array in the

presence of mutual coupling will be studied,

IT1I. TRANSIENT RESPONSE OF AN ADAPTIVE ARRAY IN THE PRESENCE OF
MUTUAL COUPLING
The speed of response of an adaptive array is controlled by the
efgenvalues of its sfgnal covariance matrix [3]. As pointed out in the
last sectfon, the presence of mutual coupling between the array elements
affects the input signals to the adaptive processor and thus the
; covariance matrix., The eigenvalues of the covariance matrix will,
therefore, be different than those in the absence of mutual coupling.
In this section, the transient response of an adaptive array in terms of
the eigenvalues of its covariance matrix will be studied. From

Equation (2.20), the covariance matrix, @, can be written as

m
- 2 -1 * -1 T '1 * -1 .
0= o [ Log (25 U )" (250 U + £g(257 Ug) (27 Uy, )T

(3.1)

In the presence of m+l signals (one desired signal and m jammers),
¢ has, at least, N-m-1 eigenvectors (N is the total number of antenna

elements) having unity eigenvalues (assuming o2=1) and the rest of the

.........
..........
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3
(_ eigenvectors have eigenvalues larger than‘one. The presence of mutual
SE coupling between the array elements will affect these eigenvalues. We
3;. will, therefore, compute the nonunity eigenvalues to study the effect of ,
T mutual coupling on the transient response of adaptive arrays. ;
S Figure 8 shows the nonunity eigenvalue of a six half-wavelength, j
center-fed dipole adaptive array in the presence of one signal only (no a
jammer). The desired signal is incident from the broadside direction g
(90°, 0°) and is 10 dB stronger than the thermal noise. The eigenvalue i
L is plotted as a function of the interelement spacing. Note that the S
Tf mutual coupling between the array elements affects the eigenvalues even
%3 for large interelement spacing, but the effect is more severe when the
}3 spacing is less than half a wavelength. For small spacings, the
] eigenvalue drops significantly below the value obtained in the absence
é; of mutual coupling (continuous line). The drop in the eigenvalue f
%; indicates a reduction in the speed of response of the adaptive array. .
: In other words, the array will take more time to adapt to the changes in c
‘ ; the desired signal parameters. The main feature of an adaptive array is S
;i nulling the undesired signals (jammers). The transient response of an 3
. adaptive array in the presence of jammers, therefore, will be
‘%Q considered next. E
_y Figures 9 and 10 show the nonunity eigenvalues in the presence of E
%_ one and two jammers respectively. The angles of arrival of the two ;
3 jammers are (90°,30°) and (90°,-45°) respectively and the jammers are 10
dB and 20 dB stronger than the desired signal. Again the eigenvalues
k. are plotted as a function of the interelement spacing. Note that the -
25




“ L —
Cl ' L
. S
. - "i
: L
»’ _—._‘:
| v 4
: b
¥
Ao
o~
-
o~
.= S
~ oy
; ] &
A With Mutual coupling =
™
J No Mutual coupling e
: 2 g
: Q - S
. oYV o
(=) -
H '_l ) ‘
; | A - :
) 1 ’ N
: |
* L) 1 ) ¥ I T J ¥ ) I T T ¥ L I 1 L LS ' T T T T l ._~:
0. 1. 2. 3. u, 5. o
D IN WAVELENGTH ;.
) =

Figure 8. Nonunity eigenvalue (A) of an array of six half-wavelength, :i:

center-fed dipoles in the presence of a desired signal vs. :}.
the interelement spacing. &4 = 10 dB, (64, ¢4) = (90°,0°) N
*
’ ZL = 211. No Jammer,
L
4 o
26 »
g -
) .
g s e S
NG e N N e e N T




[ B S PR SR R r i AR AL A AL S 4 N A

Pl

O i

s

- .

R a5 ar

4.3

- ol Nl il N3

Figure 9.

-

......

« e e

..... With Mutual coupling

i No mutual coupling

d TV T 7 T 1T 17 7T LA 17 1T 1 T T 17 7
S T l T 1 1

c. 1. 2. 3.
0 IN WAVELENGTH

Nonunfty eigenvalues (1) of an array of six half-wavelength,
center-fed dipoles in the presence of a desired signal and
a jammer vs. the interelement spacing. &4 = 10 dB,

(8d» 4) = (90°, 0°), &4 = 20 d8, (841, ¢41) = (90°, 30°),

*
Z, =1

L i1

27

............. 4 -- N " I‘.. l’ .\ - - - - -®a . N - - -
T T e T e T L T e T
-‘_ -_ ‘.. q'_ P f. - e N T T T T
‘- - - " - - - - - - L Y R A N T - - . .
G G, X M R N e N N R g T

T N e T L N T N s A T e sy T T T e A




----- With Mutual coupling

..
-.‘
PO
!-.
‘:"J
;’j
4‘.'4

= No Mutual coupling

0. 1. 3. 4. S.
B IN WRVELENGTH

Figure 10. Nonunity efgenvalues (1) of an array of six half-wavelength,
center-fed dipoles in the presence of a desired signal and
two jammers vs. the interelement spacing. &4 = 10 dB,

(8d, #d) = (90°, 0°), £§1 = 20 dB, &42 = 30 dB, (841, ¢41) =

¥*
(90°, 30°), (012, ¢12) = (90°, -45°), ZL = Zii‘

.................
-------------------------------

T I )
A R 1-'\3‘--' 5 '~'\.'.'
CIPR WPOT WG T W WA, 0 TR, R




mutual coupling between the array elements affects the eigenvalues even
for large interelement spacings, bhut the effect is more severe for small
interelement spacing (d < A/2). For such spacing, the eigenvalues drop
substantially below the values that they would have had in the absence
of mutual coupling (continuous curve). The smaller the eigenvalues, the
longer will be the transient, or, the array will take more time to null
the jammers, which may be undesirable. The strong fluctuations in the
eigenvalues for large interelement spacings are due to the fact that one

or more signals (jammer as well as the desired signal) are incident

from grating lobe directions.

In this section, the effect of mutual coupling on the transient

zx response of an adaptive array was studied. It was shown that the
presence of mutual coupling between the array elements affects the
transient behavior of the adaptive array and slows its response to both
f' desired as well as jamming signals for closely spaced elements. In the
next secttion, it is shown that mutual coupling affects the performance |
of Applebaum type adaptive arrays and that the steering vector for these
arrays must be modified to account for the mutual coupling in order to

maximize the output SINR,

o IV. APPLEBAUM ARRAYS

In the case of an Applebaum adaptive array, one uses a steering
vector or initial weights instead of a reference signal as the control
signal (Figure 1). The steady state weight vector for this type of
adaptive array [6] is given by
29
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W= 1+ o) ug (4.1)

where Ug is the steering vector, G is the 1oop gain and I is a NxN
identity matrix. Note that Equation (4.1) contains the signal
covariance matrix, &. As pointed out earlier, the presence of mutual
coupling between array elements will change & and thus will affect the
steady state performance of Applebaum type adaptive arrays. Eigenvalues
of the signal covariance matrix control the speed of response of
Applebaum type adaptive arrays too. The presence of mutual coupling
between array elements will, therefore, affect the transient response of
Applebaum type adaptive arrays in the same fashion as pointed out in the
last section.

Next, we will find the opiimum steering vector to maximize the
output SINR of Applebaum type adaptive arrays in the presence of mutual
coupling. Assuming that the loop gain is large, the steady state
weights [Equation (4.1)] becomes

W= ¢lu . (4.2)

Using Equation (2.25) in Equation (4.2) one gets

.
. 2o A1 v T
W Ug Ug

-1
E_(R" - 1tR

-1y * . 4.3
n Rn ) Zo US (8.3)

If the steering vector is chosen to steer the beam in the desired

*
signal direction, 1.e., US = Ud then the steady state weight vector will

be given by
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- * (4.4)
o2 'n n d

Comparing Equations (2.29) and (4.3) one can see that the two are
not the same, and thus this choice of the steering vector would not give
the optimum SINR, If instead of the "open circuit" desired signal
vector (U4q), the complex conjugate of the desired signal component of
the element output voltage is used to generate the steering vector,

i.e.,

Ug = (2,7 U (4.5)

then from Equation (4.3)

_ T, -1,* 4.6
W= K1 Zo Rn Ud ’ ( )
where
= 1 - T -1 * L] 4.7
K1 ';7 (1-r+ Ud Rn Ud) ( )

Comparing Equations (2.29) and (4.6), one can see that the two
weight vectors differ only by a scale factor., The choice of the
steering vector as given in Equation (4.5) will, therefore, lead to the
optimum performance of the array.

Figure 11 shows the output SINR of an adaptive array of six half-
wavelength, center-fed dipoles as a function of the interelement spacing

for the two choices of steering vectors. The desired signal is incident
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(‘_ from the broadside direction and the load impedance is equal to the
‘E: complex conjugate of the self impedance of a half-wavelength, center-fed
i} dipole. Again jammers are assumed to be absent. Note that when the

- steering vector is chosen according to Equation (4.5), the adaptive

Z£ array gives a better performance for small interelement distances where
;g; the mutual coupling is the strongest. Comparing Figures 6 and 11, one
- can see that the output SINR of the properly excited Applebaum array is
%5 the same as that of the LMS array. Thus, Us = (Z~1 Uq)*, leads to the
jgi optimum performance of an Applebaum type adaptive array.

.

= V. CONCLUSIONS

i In this work, the effect of mutual coupling between array elements
;5 on the performance of adaptive arrays was studied. It was shown that
{: mutual coupling affects the performance of adaptive arrays even for

™ large interelement spaci-3s. The effect is particularly serious for

Zi small interelement spacing where the steady state output SINR of the

'3 array is significantly lower than that obtained when mutual coupling is
w3

ignored and the speed of response of the array is reduced.
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APPENDIX A

From Equation (2.21)

m
_ o* -1 * -1 Ty 4T, Al
Ry = Zo {1+ kil G (o Yp) (257 Uy )} 2, (A-1)

Let

then Equation (A.1) becomes

]
1]

o ful Ty

z ) u
o [T+ 2 &y Uy Uy 1 2,

N * T, A2
X Z, R, 2, (A.2)

where

m
' t * T . A.3
R' =1+ kzl & Use Ui (A.3)

Using Equation (A.2) in Equation (2.29), the steady state weight

vector of the array is
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- -1 -1
W K(Rn) (Zo Ud)*
= kR . A.4
K(R)™ Uy (A.4)
where

& ez ly, . (A.5)
» d ) d
!! Comparing Equation (A.4) with the optimum weight vector [Reference
;i 6, Equation (4.1)] one can see that the two are similar. Thus the
-~ weight vector given by Equation (2.29) will lead to the maximum output

SINR in the presence of multiple jammers. r
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